Alps of New Zealand that weathering in bedrock landslides controls the variability in solute load of these mountain rivers. We find that systematic patterns in surface water chemistry are strongly associated with landslide occurrence at scales from a single hillslope to an entire mountain belt, and that landslides boost weathering rates and river solute loads over decades. We conclude that landslides couple 25 erosion and weathering in fast-eroding uplands and, thus, mountain weathering is a stochastic process that is sensitive to climatic and tectonic controls on mass wasting processes. . Lack of rain prior to and during sampling meant that landslide scarps were dry, but persistent seepage from landslide debris suggested a low hydraulic conductivity of these deposits. Seepage from two larger landslides of 1. (Tables   S1, S3 ), but the elevated TDS in landslide seepage is systematic across all sites.
because locally high denudation rates can engender extremely fast soil production 11 35 and/or slow water circulation, with efficient solute release, but on fast eroding mountains, soils are mostly thin and discontinuous, and steep bedrock hillslopes promote efficient drainage. Instead, we propose that localized weathering is associated with deep-seated landsliding to which these slopes are prone. Exposure of fresh rock surfaces by erosion promotes efficient chemical weathering 8 . Bedrock landslides generate fresh surfaces in 40 erosional scars, and potentially more importantly by intense fragmentation of mobile rock mass 12 . Moreover, they introduce concavity into hillslopes, which acts to catch and funnel precipitation and runoff into debris with limited hydraulic conductivity 13 , thus allowing percolating water to react efficiently with the unweathered rockmass.
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To determine the role of landslides in localizing and facilitating chemical weathering,
we have measured surface water chemistry in the western Southern Alps (WSA) of New
Zealand. There, high erosion rates (9±4mm/yr) are driven by landsliding 3 due to rapid rock uplift 14, 15 on the Alpine fault ( (Table S7) , despite important temporal variations in landslide rates ( by the process at a given time.
Our data show that landslides, with associated expansive mineral surface area in debris and extended, slow hydrological pathways, provide an optimal weathering environment, the volume of which is a first-order control on the dissolved load of rivers draining the 
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Methods

Sampling and Analytical Methodology
Samples were collected after three relatively dry weeks with approximately half the monthly average precipitation 30 . Under these conditions, dilution of surface waters due to direct runoff of rainfall is limited.
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Despite the lack of significant recent rainfall, springs were found at the base of about 80% of visited landslides, suggesting that many landslides in the WSA are unlikely to ever be dry. Landsliding is prevalent across the mountain belt but several of the sampled sites coincide with faults where springs could have a hydrothermal source. To evaluate this, hot spring water was sampled at four locations within the WSA (Fig.   1 ).
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All water samples were collected using an HDPE syringe, filtered on site using single-use 0.2µm PES filters into several HDPE bottles thoroughly rinsed with filtered sample water for different analyses. Samples for cation analysis were acidified using ultrapure HNO3 -. pH values were measured in the field at the time of sample collection. Analysis of cations was carried out using a Varian 720 ICP-OES, using SLRS-5 as an external standard, and GFZ-RW1 as an internal standard and quality control (QC). QC samples were 305 included for every 10 samples to account for drift; no systematic drift was found, with random scatter less than 5%. Sample uncertainties were determined from calibration uncertainties, and were always lower than 
Correction for atmospheric input
Cyclic salt dissolved in rain can impact the total dissolved load measured in river waters, and must be 315 removed to observe true effects from weathering. This can be done using spot samples or seawater ratios as an approximate estimate 26,31 but we preferred using volume-weighted average rainfall chemistry from the MaiMai catchment (also on the western side of the Southern Alps) 32 due to the similar setting and long term average -single samples might not accurately represent the reach over which incoming storms had travelled (and therefore the level of concentration vs. seawater).
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Using the ratios of Cl -to major cations (Ca 2+ , K + , Mg 2+ and Na + ) and assuming all Cl -results from cyclic contribution, we removed cyclic cation contributions using the following standard equation:
(Equation S1) where [X] is any of the measured concentration of cation. We appreciate that assumption of all
Chloride resulting from seawater may be an overestimation, and we did not correct the hot spring samples since Chloride is at very high concentrations. The previous study of the MaiMai catchment did not measure SO4 2-concentrations, so we followed an established protocol 2 in using the seawater ratio divided by 2.
obtained by other authors working in the same area 26,31 for the larger rivers within the mountain belt, but the samples collected in Jackson Bay were taken so close to the ocean (tens of metres) that this was not appropriate; the measured Chloride was so high (between 211 and 454 µmol/L) that in some cases negative results were obtained for concentrations of other solutes when rainwater ratios were used. For these samples we used seawater ratios for the major ions to correct for cyclic input. 
Estimation of total landslide volume
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We have used published area-volume relationships 25 to estimate the volume of landslides from their mapped areas. It was assumed that landslides with area > 10 5 m 2 involved bedrock, and that smaller landslides were mixed bedrock and soil failures. Our landslide maps don't distinguish between scar and deposit, lumping the two in one area measure. According to Larsen et al. 25 , scars and deposits have area-volume relations with the same power-law exponent, implying constant size ratios between scar and deposit areas of 1.1 and 1.9 for 350 mixed and bedrock landslides, respectively. Hence, we have estimated the scar area by dividing the mapped landslide area by 2.1 and 2.9 for mixed and bedrock landslides, respectively, assuming that runout was equal to the length of the affected area. This may lead to an overestimation of landslide scar volume where runout was much longer, mostly for small slides, which do not contribute significantly to the total eroded mass.
Conversely, some large landslides on gentle slopes have overlapping scar and deposit areas, meaning that our 355 correction causes a significant underestimation of the scar size and thus the landslide volume. As a systematic way to constrain runout variations is not available, we have applied a blanket correction for every slide, thus obtaining a conservative total volume. We have calculated the volume of every individual landslide, and summed to obtain a total volume of landslides for a catchment and/or mapping interval.
Uncertainties in this approach include the coefficient and exponent of the landslide area-volume relations,
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V=A  , for which standard deviations have been reported as  =  =0.005 for mixed bedrock-soil landslides and  = 0.02 and  =0.03 for bedrock landslide scars 25 , and mapping errors for which we have assumed a standard deviation of 20% of the mapped area. These uncertainties were propagated into our volume estimates using a Gaussian distribution. The standard deviation on the total landslide volume for a catchment or interval was calculated assuming that the volume of each individual landslide was unrelated to 365 that of any other, thus, ignoring possible co-variance. Hence, the total volume uncertainty depends heavily on the size distribution of landslides. When the total landslide volume is dominated by the many medium sized landslides in a population, then the uncertainty on the total volume estimate is small, because it is unlikely that all important individual landslides are biased in the same way. However, when the total volume is dominated by a few very large landslides, then the uncertainties on their volumes are less likely to cancel 370 out, which leads to a large uncertainty on the total volume estimate.
Estimation of area draining into landslides
We calculated the upslope areas draining into each landslide using the 30m ASTER DEM of the WSA. Figure S3 shows an example of the processed DEM. We acknowledge that any estimates of fluxes based on drained area are an upper limit on the water flowing through these landslide springs.
Estimation of end-members and fluxes
Estimation of the proportional landslide weathering input to river solute load requires definition of end 385 members. As stated in the main text, we use landslide springs and runoff, both of which have a wide range of measured values, the choice of which will influence the relative fractions of the sources in the final result.
We therefore calculate mixing proportions for each river using the mean of our measured samples. The range is one standard deviation. Landslide springs: 5820μmol/l ± 2293μmol/l. Runoff: 576μmol/l ± 150μmol/l.
Note that we did not use samples collected in Jackson Bay for these end member estimates, as although they 390 display the same systematic increase in TDS in the landslide springs, the different lithology of the Australian plate has a strong control on the actual values of TDS; therefore actual values of TDS are not comparable.
However the samples collected from the rest of the WSA all drain the same lithology and as such are comparable.
We can compare the estimates of solute flux from these end-members to the estimated water flux through 395 landslides from the calculated upstream collection areas. The proportion of runoff that passes through the landslides tends to be higher when the end members and measured river concentrations are used to calculate proportions than when using upstream area of landslides to estimate the flux; however, the same pattern emerges. The period of sampling was during a drier-than-average period in the WSA, and it is not surprising that the landslide component should be over represented in the rivers during the sampling period, since this is 400 a slower path for solutes, as evidenced by the continued flux from these sources despite the lack of rainfall. Table S6 contains 
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Despite these caveats, the estimates of fluxes still broadly agree. This is demonstrated in Figure S4 , where upstream area is calculated for each catchment and compared with the TDS. The relationship is similar to the volume / TDS relationship, with the notable exception of the catchments mentioned above. No error bars are plotted for the upstream area calculation since we have not quantified the error on these measurements.
Landslide ages and chemical decay time
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At 13 sampling points split between eight locations (Table S5) , landslide seepage has been sampled where the age of the landslide is well constrained from satellite images or aerial photographs. With these samples, we are able to show how the increased solute output from landslides decays with time. We have compared the chemistry of the landslide seepage with a mountain-belt wide average of surface runoff composition -an average of water from small streams draining sub-catchments without recent landslide activity. This is the 425 same surface runoff end-member signature we defined in the mixing calculations above. Simple TDS values might not account for local differences between landslides, for example, how much rainfall might have fallen on each one recently. Therefore, we used specific chemical ratios to isolate the chemical effect of landslide aging. Since trace carbonate in landslides is weathered out first, resulting in an excess in Ca 2+ vs other weathering products, it is informative to look at the ratio of Calcium to other major weathering products Landslide size is not considered in this preliminary analysis of chemical landslide aging, but the trend in Figure S5 independently supports our observations on the time-dependent strength of the relationship 435 between TDS and LSnorm from which we infer that landslides boost weathering for 30-60 years after failure.
The strength of this boost decreases with time, meaning that the impact of older landslides on river chemistry is likely to be swamped by that of younger landslides. Full data for these landslides is found in Table S5 .
This combines well with the comparison of changes in correlation between TDS and volumes; as discussed in the main text, the correlation peaks for the last 35 years of landsliding, primarily due to the high rates 440 between 1980-1985; the fall in correlation later on indicates that the older landslides are no longer having a strong effect. The values for R 2 and K-Tau are shown in Table S7 , and the changing rate of landsliding over the last 70 years is shown in Figure S6 . 
